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Abstract
Synonymous codons are used with different frequencies both among species and among genes within
the same genome and are controlled by neutral processes (such as mutation and drift) as well as by selec-
tion. Up to now, a systematic examination of the codon usage for the chicken genome has not been per-
formed. Here, we carried out a whole genome analysis of the chicken genome by the use of the relative
synonymous codon usage (RSCU) method and identiﬁed 11 putative optimal codons, all of them
ending with uracil (U), which is signiﬁcantly departing from the pattern observed in other eukaryotes.
Optimal codons in the chicken genome are most likely the ones corresponding to highly expressed trans-
fer RNA (tRNAs) or tRNA gene copy numbers in the cell. Codon bias, measured as the frequency of optimal
codons (Fop), is negatively correlated with the G 1 C content, recombination rate, but positively corre-
lated with gene expression, protein length, gene length and intron length. The positive correlation
between codon bias and protein, gene and intron length is quite different from other multi-cellular organ-
ism, as this trend has been only found in unicellular organisms. Our data displayed that regional G 1 C
content explains a large proportion of the variance of codon bias in chicken. Stepwise selection model
analyses indicate that G 1 C content of coding sequence is the most important factor for codon bias. It
appears that variation in the G 1 C content of CDSs accounts for over 60% of the variation of codon
bias. This study suggests that both mutation bias and selection contribute to codon bias. However,
mutation bias is the driving force of the codon usage in the Gallus gallus genome. Our data also
provide evidence that the negative correlation between codon bias and recombination rates in G. gallus
is determined mostly by recombination-dependent mutational patterns.
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1. Introduction
Synonymous codons are used with different fre-
quencies both among species and among genes
within the same genome. Highly expressed genes
(such as those encoding translation elongation
factors and ribosomal proteins) tend to use optimal
(preferred) codons and exhibit very high levels of
codon bias.
1–5 The optimal codons also tend to corre-
spond to highly expressed tRNAs and tRNA gene copy
numbers.
4–13 These patterns have been interpreted
as natural selection for more efﬁcient and accurate
translation.
6,14–18 In contrast, some studies have
demonstrated that the ﬁrst factor shaping codon
usage is nucleotide composition (G þ C content) of
genes and intergenic regions.
12,19–22 As Gþ C
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processes rather than by selective forces acting speciﬁ-
cally on coding sequence, these ﬁndings have been
inferred to reﬂect the genome-wide patterns of
codon usage by mutational biases. Based on the fact
that both mutational pressures and selective forces
are involved in the phenomenon of codon bias in a
variety of organisms, an integrated model, known as
the mutation–selection–drift balance model, has
been proposed.
15,23–25 This model proposes that
selection favours optimal codons over minor codons,
while mutational pressure and genetic drift allow
the minor codons to persist.
17 Population genetics
has shown that the selection of codon bias is generally
weak
17,23,26 (jNesj 1), therefore, selection coefﬁ-
cients are expected to be more efﬁcient in species
with large effective population sizes (Ne) such as pro-
karyotes and unicellular eukaryotes.
6,27 In species
with low Ne values, genetic drift should be the main
force shaping codon usage and overpowering transla-
tional selection of codon variants.
Codon bias has been determined to be positively
correlated with recombination rates in Drosophila,a s
well as in many other species.
28–35 This observation
has been explained by two hypotheses. The ﬁrst pro-
posed that the reduction of codon bias in the
regions with limited recombination is consistent
with Hill–Robertson interference.
28,30 However,
another hypothesis, called the GC-biased gene con-
version model, suggested that the correlation
between recombination and codon usage patterns is
caused by recombination-related mutational bias
rather than by Hill–Robertson interference, as the
heteroduplex DNA appears to be biased toward the
preferential ﬁxation of AT ! GC mutations.
32,36
Except for nucleotide composition, gene expression
and recombination rates, other additional parameters
such as protein length, gene length and intron length
also have been found to play an important role in
shaping codon usage in a wide variety of
organisms.
2,5,37–39
The chicken (Gallus gallus) is an important model
organism that bridges the evolutionary gap between
mammals and other vertebrates. The chicken karyo-
type comprises 39 pairs of chromosomes, which are
divided into 8 pairs of cytologically distinct macro-
chromosomes, Z and W sex chromosomes, and 30
pairs of micro-chromosomes.
40 Compared to other
vertebrate genomes, the chicken genome has many
distinctive characteristics such as a smaller genome
size (less than half of humans and mouse), higher
recombination rates and higher G þ C content.
41,42
Base composition is found to vary greatly between
different genomic regions in many eukaryotes. In ver-
tebrates, such as mammalian and birds, one of the
most striking features of their genomes is the
variation of G þ C content that occurs over scales of
hundreds of kilobases to megabases, the so-called
‘isochore structure’.
43,44 Although subsequent study
indicated that the isochore model might need slight
revision,
45 it is clear that the genomes of vertebrates
are highly heterogeneous in G þ C content and have
acquired GC-rich regions.
42 This results in that a
large proportion of variance in codon usage bias is
explained by G þ C content.
20,21 Mank et al. investi-
gated the chicken’s properties of sex-biased genes
(female biased genes 155, male biased genes 286)
through a microarray data. They found that the
codon usage of sex-biased genes showed some sex-
biased effects, primarily for autosomal genes
expressed in the gonad. Codon bias is greatest when
GC3 (the G þ C content at third coding positions) is
skewed away from equal usage of GC or AT.
46 Up to
now, a systematic examination of the codon usage
for the G. gallus genome has not been performed. In
the present study, we carried out a whole analysis of
the chicken genome and showed that codon bias is
negatively correlated with G þ C content and recom-
bination rates, but positively correlated with tRNA
abundance, gene expression, protein length, gene
length and intron length. Our data clearly displayed
that regional G þ C content explains a large pro-
portion of the variance of codon bias in G. gallus
genome. This study will beneﬁt our understanding
of how natural selection and mutation impacts
codon usage in the G. gallus genome.
2. Materials and methods
2.1. Sequence data
Only nuclear genes with complete information on
protein-coding sequences (CDSs) with no evidence
of multiple-splicing forms were included in this
study. CDSs corresponding to all annotated genes
in the chicken genome were downloaded
from http://www.ncbi.nlm.nih.gov/sites/gquery and
peptide information coded by the genes was
derived from http://www.ncbi.nlm.nih.gov/protein.
Some CDSs lengths are obviously not consistent
with the total length of corresponding exons and
these genes were deﬁned as annotation errors and
were not included for analysis. CDSs that did not
begin with an ATG start codon, did not have a
length of .300 bp, did not contain a multiple of
three or that contained an internal stop codon
were also ruled out. The ﬁnal sequence collection
contained 8631 CDSs with each corresponding to
a unique gene in the G. gallus genome. For each
gene, total gene length, protein length, ﬁrst
intron length and average intron length were
determined.
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Expression databases were taken from the NCBI FTP
website (http://www.ncbi.nlm.nih.gov/sites/entrez)
and a total of 633321 expressed sequence tag
(EST) sequences were available. We used the
number of EST sequences in this database that align
unequivocally to a given gene, and compared the set
of chicken mRNA/cDNA sequences with the ESTs
using the program BLASTN. We accepted EST hits of
.400 nt and with .96% identity to a mRNA/cDNA
sequence as matches. If they showed .98% identity,
we accepted hits of 100–400 nt and discarded hits
of ,100 nt.
47,48 An EST matched to multiple genes
was discarded. After excluding genes with multiple-
splicing forms and genes with obvious annotation
errors, the data on the 8631 genes from 18 tissues
(including the blood, brain, bursa of fabricius,
cecum, connective tissue, embryonic tissue, epiphy-
seal growth plate, gonad, head, heart, limb, liver,
muscle, ovary, pancreas, spleen, testis and thymus)
were taken into account. Tags per million were then
calculated for each gene in each tissue. Total
expression levels are deﬁned as ESTs of a gene in the
total number of tissues. Expression breadth is
deﬁned as the number of tissues in which the ESTs
were found. The tissue speciﬁcity index (t)i s
measured by both qualitative (i.e. presence/absence)
and quantitative variations of expression levels
among tissues, and is deﬁned as:
t ¼
PN
i ð1   xi=xmaxÞ
N   1
where N is the number of tissue samples examined, xi
is the expression level of the gene in sample i and xmax
is the highest expression level of the gene across the N
samples examined.
49
2.3. Identiﬁcation of optimal codons and synonymous
codon usage
Optimal codons are deﬁned as those that occur sig-
niﬁcantly more often in highly expressed genes rela-
tive to their frequency in lower expressed genes. We
used 5% of the total genes with extremely high and
low expression levels inferred from EST counts, as
the high and low data set, respectively, and calculated
the average RSCU (relative synonymous codon usage)
of the two gene samples. RSCU was calculated by
dividing the observed codon usage by that expected
when all codons for the same amino acid are used
equally. RSCU values close to 1.0 indicate a lack of
bias. Putative optimal codons were inferred based on
departures from equal codon usage by sets of loci
with high and low gene expression.
2,50 DRSCU for a
given codon is the difference between the average
RSCU of genes with high and low expression [signiﬁ-
cance tested using the one-way analysis of variance
(ANOVA) by SAS]. If DRSCU is .0.1 at P , 0.05, this
codon will be identiﬁed as an optimal codon. Then,
we calculated Fop values using the codonW 1.4.2
program with customized optimal codon tables (J
Peden, http://codonw.sourceforge.net). Fop is the
ratio of optimal codons to synonymous codons,
ranging from 0 (where no optimal codons are used)
to 1 (where only optimal codons are used). The
nucleotide composition indices including GC3 and
G þ C content of CDSs were also calculated using
codonW 1.4.2.
2.4. tRNA gene copy number data
The tRNA gene copy numbers for each codon in the
G. gallus genome was taken from http://gtrnadb.ucsc.
edu/Ggall/. In these data, pseudogenes have already
been removed. We used tRNA gene copy numbers as
an assumed estimate of cellular tRNA abundance.
The relative gene frequency (RGF) of tRNAs is the
observed frequency of an isoacceptor tRNA gene in
the genome divided by the frequency expected if all
isoacceptor tRNA genes for that amino acid occurred
with equal frequencies.
11
2.5. Recombination rate estimation
The recombination rates for 1 Mbp windows were
estimated. The versions of the genome assemblies
(NCBI build 2.1, released November, 2006) and the
latest chicken consensus linkage map (sex-averaged
map) were used.
51 This high-resolution consensus
map included 9268 markers, consisting of 34
linkage groups. It enabled us to estimate the local
recombination rates using a narrower region.
Locations of individual markers were determined
based on alignments of the full sequence of the
markers using BLAST. The linear function was ﬁtted
to the points representing genetic and physical map
positions in the 1 Mbp windows. The slope of this
line was interpreted as an estimate of recombination
rates.
52 Windows were removed that contained
.50% ‘N’ in the sequence assembly, as were
windows at the beginning, end and centromere of
chromosomes with no markers detected in them.
Some windows with large discrepancies between the
genetic map and the sequence assembly were also
removed. A total of 745 windows were included,
which covered 70% of the chicken genome.
2.6. Statistical analysis
Correlation analysis between variables was per-
formed by SAS Proprietary Software Release 8.1. In
ordertoassesstheactualstrengthofassociation,corre-
lation coefﬁcients reported in this study were obtained
No. 6] Y. Rao et al. 501using all genes independently and avoided the
approach of subdividing genes into groups to later
investigaterelationshipsamongthem. Thesigniﬁcance
tests were corrected for multiple testing by the
Bonferroni step-down correction.
53 To determine the
variables contributing to codon bias and how they
may interact, we performed multiple linear regressions
withthevariables,excludingthosenotcontributingsig-
niﬁcantly through the use of the t-statistical logarithm
with backward stepwise regression.
3. Results
3.1. Putative optimal codons and tRNA abundance
A total of 8631genes were included in this study. As
shown in Table 1, 11 codons have been identiﬁed as
putatively optimal. Interestingly, all putative optimal
codons in the chicken genome are ended by uracil
(U). Previous studies suggested that the nucleotide
composition (G þ C content) plays an important role
in the identities of optimal codons as selection for
Table 1. The putative optimal codons and tRNA abundance
Acid Codon tRNA gene High Low Acid Codon tRNA gene High Low
Phe UUU AAA (1) 0.92 0.90 Ser UCU** AGA (8) 1.32 1.07
UUC GAA (9) 1.08 1.10 UCC GGA (NA) 1.21 1.26
Leu UUA TAA (2) 0.40 0.47 UCA TGA (4) 0.90 0.90
UUG CAA (2) 0.88 0.83 UCG CGA (2) 0.33 0.33
CUU* GAA (3) 0.95 0.78 Pro CCU* AGG (6) 1.30 1.15
CUC GAG (NA) 1.01 1.15 CCC GGG (NA) 1.05 1.18
CUA TAG (1) 0.39 0.40 CCA TGG3 1.23 1.20
CUG CAG (6) 2.36 2.37 CCG CGG2 0.42 0.45
Ile AUU* AAT (7) 1.16 0.97 Thr ACU* AGT (4) 1.14 1.00
AUC GAT (NA) 1.34 1.45 ACC GGT (NA) 1.13 1.22
AUA TAT (2) 0.48 0.57 ACA TGT (4) 1.21 1.26
Met AUG 13 1.00 1.00 ACG CGT (2) 0.51 0.52
Val GUU* AAC (7) 0.98 0.81 Ala GCU* AGC (19) 1.34 1.22
GUC GAC (1) 0.83 0.92 GCC GGC (1) 1.13 1.22
GUA UAC (3) 0.57 0.52 GCA TGC (7) 1.13 1.18
GUG CAC (5) 1.63 1.75 GCG CGC (2) 0.40 0.38
Tyr UAU ATA (NA) 0.83 0.76 Cys UGU* ACA (NA) 0.90 0.80
UAC GTA (6) 1.12 1.20 UGC GCA (10) 0.94 1.17
Stop UAA 1.40 0.80 Stop UGA 1.69 1.31
UAG 0.70 1.15 Trp UGG 1.00 1.00
His CAU ATG (1) 0.84 0.80 Arg CGU** ACG (6) 0.87 0.48
CAC GTG (7) 1.09 1.18 CGC GCG (NA) 1.00 0.95
Gln CAA TTG (3) 0.52 0.57 CGA TCG (2) 0.58 0.59
CAG CTG (3) 1.47 1.42 CGG CCG (2) 0.78 0.96
Asn AAU ATT (NA) 0.87 0.83 Ser AGU ACT (NA) 0.90 0.85
AAC GTT (9) 1.12 1.16 AGC GCT (6) 1.34 1.59
Lys AAA TTT (3) 0.86 0.87 Arg AGA TCT (3) 1.53 1.57
AAG CTT (6) 1.14 1.11 AGG CCT (3) 1.23 1.46
Asp GAU* ATC (NA) 1.08 0.95 Gly GGU** ACC (NA) 0.92 0.64
GAC GTC (8) 0.91 1.03 GGC GCC (5) 1.11 1.22
Glu GAA TTC (7) 0.94 0.86 GGA TCC (8) 1.20 1.15
GAG CTC (7) 1.06 1.13 GGG CCC (4) 0.77 0.99
Putative optimal codons were inferred based on departures from equal codon usage by sets of loci with high (5% top) and
low (5% down) gene expression (4RSCU). 4RSCU for a given codon is the difference between the average RSCU of genes
with high and low expression (signiﬁcance tested using the one-way ANOVA). If 4RSCU is .0.1 at P, 0.05, this codon will
be identiﬁed as optimal codon. Total optimal codons identiﬁed in this study are 11. The transfer RNA gene (tRNA) copy
numbers for each codon was taken from http://gtrnadb.ucsc.edu/Ggall/. There is a good correspondence between tRNA
abundance and optimal codons within codon classes. However, the above correlation reﬂects only partially the real
co-adaptation of tRNA abundance and codon usage, as the same tRNA can decode several codons. Since we have no exper-
imental data on base modiﬁcations in Gallus gallus tRNAs, we predicted the codons decoded by the different anticodons
according to the ‘parsimony of wobbling’ criterion. The putative optimal codons with 4RSCU is .0.1 at P, 0.05 and
4RSCU .0.2 at P, 0.05 are denoted by ‘*’ and ‘**’, respectively.
502 Codon Usage Bias in Gallus gallus [Vol. 18,optimal codons for transcription and translation is not
high enough to overcome compositional
skews.
12,20,21 Base composition is found to vary
greatly between different genomic regions in many
eukaryotes. In vertebrates, such as mammalian and
birds, one of the most striking features of their
genomes is the variation of G þ C content that
occurs over scales of hundreds of kilobases to
megabases.
43,44 In order to further test whether the
G þ C content had a signiﬁcant effect on the identities
of optimal codons in the G. gallus genome, we pro-
duced a high G þ C content sample (20% of the
highest G þ C content of the CDSs) and a low G þ C
content sample (20% of the lowest G þ C content of
the CDSs) and inferred the optimal codons by the
use of the DRSCU method as described above. For
the low G þ C content sample, 11 codons were ident-
iﬁed as optimal and 9 overlapped with the result of
the whole data analysis, lacking the alanine (coded
by CGU), the threonine (coded by ACU), plus the glu-
tamine (coded by CAG) and the threonine (coded by
ACA). For high G þ C content sample, 13 codons were
identiﬁed as optimal and among them, 10 codons
overlapped with the result of the whole data analysis,
lacking only the cysteine (coded by UGU), plus the
phenylalanine (coded by UUU), the serine (coded by
UCA) and the proline (coded by CCG, see additional
ﬁles, Supplementary Tables S1 and S2). The analyses
of samples of high and low G þ C content revealed
that G þ C content of CDS has a signiﬁcant effect on
the identities of the optimal codons in the chicken
genome. However, it should be noted that most puta-
tive optimal codons (9–10 codons) occurred coinci-
dently in three samples. We believe that large
samples can give more accurate estimates and, there-
fore, the codon bias (Fop, the ratio of optimal codons
to synonymous codons) estimate next was based on
the putatively optimal codons identiﬁed by the
whole data set of 8631 genes.
For any given set of synonymous codons, the rel-
evant isoacceptor tRNAs might not be equally abun-
dant. Previous studies suggested that the most
abundant tRNA for a given amino acid is predomi-
nantly recruited by the codons of highly expressed
genes.
54 The optimal codons are most likely the
ones corresponding to the most abundant and efﬁ-
cient cognate aa-tRNAs present in the cell.
7,13 This
trend also existed in the human genome but with
lower coefﬁcient.
55–57 We conducted an analysis to
test whether this trend also exists in the chicken
genome. As tRNA gene copy numbers are generally
correlated with cellular levels of tRNAs in both prokar-
yotes and eukaryotes,
9,58,59 we used the abundance
of tRNA genes as a substitute for the levels of tRNAs
in the cell. We found that there is a good correspon-
dence between tRNA abundance and optimal
codons within codon classes (see Table 1). We also
computed the RGF of each isoacceptor tRNA and
made a regression analysis between the RGF and
RSCU in highly expressed genes and lesser expressed
Figure 1. Scatter plots of RGF versus RSCU. The RGF of tRNA genes is the observed frequency of an isoacceptor tRNA gene in Gallus gallus
genome divided by the frequency expected if all isoacceptor tRNA genes for that amino acid were equally frequent in the genome. The
RSCU is the observed frequency of a codon divided by the frequency expected if all synonyms for that amino acid were used equally.
(a) RSCU was measured in the highly expressed genes and (b) RSCU was measured in the lowly expressed genes.
No. 6] Y. Rao et al. 503genes. As shown in Fig. 1, there is a signiﬁcant corre-
lation between RGF and the RSCU of complementary
codons in highly expressed genes (r ¼ 0.4599,
P ¼ 0.0013). This positive trend also existed in lesser
expressed genes, but with a lower correlation coefﬁ-
cient (r ¼ 0.3548, P ¼ 0.0121).
3.2. Relationships between codon bias and GC3, G þ C
content of CDSs and G þ C content of intronic
sequences
Codon bias, measured as Fop, averaged 0.2560+
0.0042 (ranging from 0.0100 to 0.6183) across the
8631 genes in the G. gallus genome. The Fop values
for genes residing on the macro-chromosomes,
micro-chromosomes and Z chromosome are
0.2736+0.0011, 0.2236+0.0015 and 0.2992+
0.0032, respectively. There is a signiﬁcant difference
among them (P, 0.0001, using the one-way
ANOVA). This means that genes residing on the Z
chromosome have the highest codon bias. The
reasons for this signiﬁcant difference is most likely
owing to the different G þ C content, CpG island
motifs, gene density and recombination rates of the
three types of chromosomes.
Regression analysis demonstrated that Fop is
highly correlated with GC3 and G þ C content of
CDSs, respectively (r ¼ 20.8308, P , 0.0001;
r ¼ 20.8264, P, 0.0001, see Fig. 2a and b). It
appears that variation in GC mutational bias explains
over 60% of the variation of the codon usage bias.
This negative correlation is expected, as all putative
optimal codons inferred in this study ended with
U. We also retrieved all intronic sequences for each
gene and provided the combined length of all introns
for a particular gene exceeding 200 bp and calculated
the G þ C content of the intronic sequences. We
found that Fop values also negatively correlated with
Figure 2. Scatter plots of GC3,Gþ C content of coding sequences, G þ C content of intronic sequences versus the frequency of optimal
codons (Fop). Total gene included is 8631. Fop was estimated by codonW 1.4.2 with customized optimal codon table (see Table 1).
(a) Fop versus GC3; (b) Fop versus G þ C content of CDSs and (c) Fop versus G þ C content of intronic sequences.
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cantly (r ¼ 20.5399, P , 0.0001, see Fig. 2c).
3.3. Relationships between codon bias and gene
expression
We assessed the effect of expression levels and
expression breadth on codon usage bias in our
samples. Our data demonstrated that codon bias is
positively correlated with gene expression levels
(r ¼ 0.1735, P, 0.0001). The correlation between
codon bias and expression breadth was also positive
and signiﬁcant (r ¼ 0.1982, P, 0.0001, see Fig. 3a
and b). These results suggest that the genes with
broader expression breadth and higher expression
levels show a higher degree of codon usage bias.
Total gene expression is known to be highly
inﬂuenced by the number of different tissues where
a gene is expressed (expression breadth) when
expression data are calculated from pooled EST
libraries.
60,61 If expression breadth is the predominant
force affecting codon usage, a spurious correlation
between codon bias and gene expression is more
likely to be generated. In order to alleviate this
problem, we divided genes into ubiquitously or nar-
rowly expressed groups, if they were expressed in
 15 tissues or  3 tissues. We regressed expression
levels on codon bias for each group, and found that
this signiﬁcant trend also existed for the ubiquitous
group (r ¼ 0.1855, P ¼ 0.0016) and for narrowly
expressed groups (r ¼ 0.0497, P ¼ 0.0101). When
the parameters were expanded to  16 or  2, we
obtained similar results.
Figure 3. Scatter plots of Fop versus expression level, expression breadth and the tissue speciﬁcity index t. Expression data on 8631 genes
for 18 tissues, blood, brain, bursa of fabricius, cecum, connective tissue, embryonic tissue, epiphyseal growth plate, gonad, head, heart,
limb, liver, muscle, ovary, pancreas, spleen, testis and thymus, were taken into account. Expression level is deﬁned as the total expression
level of a gene, which is the sum of the total 18 tissues’ EST (transformed to logarithm with base 10). Expression breadth deﬁned as the
numbers of tissues in which EST was found. The calculation of t can be seen from materials and methods. (a) Fop versus expression level;
(b) Fop versus expression breadth and (c) Fop versus the tissue speciﬁcity index t.
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tative and quantitative variations of expression levels
amongst tissues.
49 Obviously, t is more representative
than the expression breadth and expression levels
alone for the expression pattern of a gene. We calcu-
lated the tissue speciﬁcity index t for each gene, and
made regression analyses between codon bias and
the tissue speciﬁcity index t. As shown in Fig. 3c,
codon bias is signiﬁcantly correlated with the tissue
speciﬁcity index t (r ¼ 20.1660, P, 0.0001).
3.4. Relationships between codon bias and protein,
gene and intron length
Our data demonstrated that codon bias is signiﬁ-
cantly and positively correlated with protein length
(r ¼ 0.2358, P , 0.0001) and gene length
(r ¼ 0.2256, P, 0.0001, Fig. 4a and b). Since
protein length and expression levels displayed a
strong correlation with codon bias,
48 we tested
whether the correlation between protein length and
codon bias can be explained by gene expression
Figure 4. Scatter plots of Fop versus protein length, gene length, average intron length and ﬁrst intron length (logarithmically transformed).
(a) Fop versus protein length; (b) Fop versus gene length; (c) Fop versus average intron length and (d) Fop versus ﬁrst intron length.
506 Codon Usage Bias in Gallus gallus [Vol. 18,levels. We ﬁtted linear models of protein length and
codon bias against expression levels. The results from
these models correlated at the same levels as uncor-
rected protein lengths and codon bias. In the narrowly
expressed gene samples as described above (breadth
is three or less than three tissues), we conducted a
regression analysis between codon bias and protein
length at similar expression levels (EST counts
ranging from 57 to 60) and found that the positive
trend also existed (r ¼ 0.2823, P , 0.0001). The
negative correlation between codon usage and
protein length and gene length has been observed
in many organisms, such as yeast, Caenorhabditis
elegans, Drosophila melanogaster, Arabidopsis thaliana,
Populus tremula and Silene latifolia.
5,29,36,62–64
However, the positive correlation identiﬁed in this
study has been found only in Saccharomyces cerevisiae
and Escherichia coli, and was been explained through
the model of selection on translational accuracy.
37,65
As shown in Fig. 4c and d, codon bias also shows a
positive correlation with average intron length and
ﬁrst intron length (r ¼ 0.2337, P, 0.0001;
r ¼ 0.1806, P , 0.0001, respectively). The opposite
trend has been found in D. melanogaster, C. elegans
and P. tremula.
5,66,67 This positive trend between
codon bias and intron length has been only found in
unicellular organisms;
68 however, the underlying
mechanism for this is not clear. Stoletzki and
Eyre-Walker
69 and Stoletzki
70 suggested that this
trend (negative/positive) is related to whose optimal
codons are biased towards codons that end with GC
or AU. We found that the G þ C content of introns is
signiﬁcantly and negatively correlated with average
intron length and ﬁrst intron length (r ¼ 20.4024,
P , 0.0001; r ¼ 20.2432, P , 0.0001, respectively).
Obviously, the positive trend between codon bias
and intron length is related to the G þ C content of
intronic sequences. If mutation bias is the driving
force of the codon usage in the G. gallus genome,
the mutation bias hypotheses seems reasonable to
explain this result.
3.5. Relationship between codon bias and
recombination rate
Fig. 5 shows that there is a negative correlation
between the Fop values and the local recombination
rates (r ¼ 20.4546, P , 0.0001). We also found
that the relationship between codon usage bias and
recombination rate is independent of the expression
levels and protein length (data not shown). This sig-
niﬁcant trend seems to be expected, since the muta-
genic effects of recombination result in a mutational
bias toward G and C bases in regions of high recombi-
nation rates (GC-biased gene conversion).
4. Discussion
4.1. The identities of optimal codons in the G. gallus
genome
In the present study, we carried out a systematic
examination of the codon usage in the chicken
genome. By the use of the DRSCU method, we ident-
iﬁed 11 codons as putatively optimal. All putative
optimal codons in the chicken genome end with
U. This is signiﬁcantly departing from the pattern
observed in other eukaryotes genomes, such as
Schizosaccharomyces pombe, D. melanogaster, C. elegans
and Homo sapiens. The rules governing the identities
of optimal codons in different organisms remain
obscure. Recently, Hershberg and Petrov
21 investigated
the optimal codons in 675 bacteria, 52 archea and 10
fungi. They found that across all studied organisms, the
identities of optimal codons mirrors the G þ Cc o n t e n t
of the genomes. GC-rich organisms tend to have GC-
rich optimal codons, while AT-rich organisms tend to
have AT-rich optimal codons. However, in Drosophila,
C. elegance and Populus tremula, most optimal codons
end with G or C (majority are C ending), while their
genomes contain 35, 36 and 45% G þ C-rich
content, respectively.
5,71,72 In humans, optimal
codons seem to be driven in two opposite directions,
toward AT richness and GC richness. In other words,
Figure 5. Scatter plots of Fop versus recombination rate. The recombination rates for 1 Mb windows were estimated. The versions of the
genome assemblies (NCBI build 2.1, released November, 2006) and the latest chicken consensus linkage map were used. Total windows
included is 745, covering 70% of the chicken genome. For each window, the average Fop for all genes residing in this window was
calculated.
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tially use G and C ending codons, while those in the
AT-rich regions use A and T ending codons.
73 The
human genome comprises a mosaic of long stretches
of GC-rich and AT-rich regions, the so-called isochore
structure. Not only do they occur in silent sites of
coding regions but also introns and ﬂanking regions
in the gene have a similar base composition.
43 This iso-
chore structure was also found in the avian genomes.
41
Recently, some studies have suggested that the G þ C
content is becoming homogenized in humans.
45,55
However, Webster et al.
42 found that heterogeneity in
the G þ C content is being reinforced in the chicken
genome. In order to test whether the G þ C content
inﬂuences the identities of optimal codons in G.
gallus, we produced a high G þ C content sample
(20% of the highest G þ C content of the CDSs) and
al o wGþ C content sample (20% of the lowest G þ
C content of the CDSs), and inferred the optimal
codons by the use of the DRSCU method. We found
that most putative optimal codons (9–10 codons)
occur coincidently in three samples. Using the abun-
dance of tRNA genes as a substitute for the levels of
tRNAs in the cell, we found that there is a good corre-
spondence between tRNA abundance and optimal
codons within codon classes. This implies that the
optimal codons in the chicken genome are most
likely the ones corresponding to the highly expressed
tRNAs or tRNA gene copy numbers in the cell.
4.2. Mutation bias is the driving force of the codon
usage in the G. gallus genome
Codon bias, as measured by Fop, is signiﬁcantly cor-
related with GC3,G þ C content of CDS and G þ C
content of the intronic sequences. Our data clearly dis-
played that regional G þ C content explains a large pro-
portion of the variance of codon bias in chicken. Our
data also provide strong evidence for the mutational
bias hypothesis. However, we found that the G þ C
content of the intronic sequences is signiﬁcantly
lower than that of CDSs, which are not fully consistent
with this hypothesis, as it predicts that G þ Cc o n t e n ti s
determined by genome-wide processes rather than by
selective forces acting speciﬁcally on coding regions. It
also should be noted that although the G þ C
content of intronic sequences show a negative trend
with codon usage, the correlation is signiﬁcantly
lower than that between codon usage and G þ C
content of CDSs. These ﬁndings indicate that, except
for mutation bias, other factors (such as selection)
may have contribution to the codon usage.
Our data also show that codon bias is signiﬁcantly
and positively correlated with gene expression. The
positive correlations between gene expression and
codon bias have been shown in many
organisms.
1–2,4–5 In vertebrates such as mammals,
data also support a weak relationship between gene
expression and codon usage.
56,61 Both the match
between tRNA abundance and optimal codons, and
the high codon bias of the highly expressed genes,
has been interpreted as natural selection for more
efﬁcient and accurate translation.
14–18 Our data
provide evidence that natural selection also plays an
important role in shaping the codon usage in the
chicken genome.
Codon bias also shows a signiﬁcant trend with
protein length, intron length and recombination
rate. To determine what all variables (G þ C content
of CDS, expression level, expression breadth, protein
length, intron length and recombination rate) were
contributing to the differences in codon bias and
how they may interact, we performed multiple
linear regressions with the above variables, excluding
those not contributing signiﬁcantly through the use
of the t-statistical analysis and with backward step-
wise regression. The best combinations of variables
were G þ C content of CDSs and expression breadth
(R
2 ¼ 0.7829, P, 0.0001). Stepwise selection
model analyses indicated that the G þ C content of
CDSs are the most important factor responsible for
codon bias (R
2 ¼ 0.6831, P , 0.0001). It appears
that variation in the G þ C content of CDSs explains
over 60% of the variation of codon bias. Recently, a
continuous-time Markov chain model to quantify
the contribution of GC-biased synonymous substi-
tution on codon usage was developed by Palidwor
et al.
73 Although many other important factors such
as selection, GC skew, did not included in their
model, it also provided an informative clue to under-
stand the mechanism of codon usage across a broad
variety of organisms. This model indicated that GC
bias is the dominant factor in determining codon
bias for prokaryotes, plants and human. In the
present study, our data suggested that both mutation
bias and selection contributed to the codon bias. This
seems to be consistent with the few studies in other
vertebrates such as Xenopus laevis and ﬁshes of
Cyprinidae.
74–75 However, it should be noticed that
mutation bias is the driving force of the codon usage
in the G. gallus genome.
4.3. The negative association between codon bias and
recombination in G. gallus is determined by
recombination-dependent mutational patterns
In contrast to D. melanogaster and C. elegans,a
negative correlation between codon bias and local
recombination rates was found in the chicken
genome. The positive pattern in D. melanogaster and
C. elegans has been interpreted by Hill–Robertson
effects (hitchhiking and background selection)
28,29
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(gene conversion).
32,36 The C. elegans has
21 optimal codons, of which 16 end in G or C
bases, and D. melanogaster has 22 optimal codons,
of which 21 end in G or C bases. Marais et al. demon-
strated that, in C. elegans, the frequency of GC-ending
optimal codons (Fop-GC) increases with recombina-
tion rate, whereas the frequency of AU-ending
optimal codons (Fop-AU) decreases with recombina-
tion rate. In Drosophila, the frequency of AU-ending
non-optimal codons (Fnop-AU) decreases with
recombination rate, whereas the frequency of
GC ending non-optimal codons (Fnop-GC) increases
with recombination rate.
32 In yeasts, about 60% of
the optimal codons end by GC, an overall positive cor-
relation is also observed between recombination rate
and Fop. However, there is a strong negative corre-
lation between Fop-AU and recombination rate.
35
Marais and Piganeau
32 suggested that the positive
correlation between the frequency of optimal
codons and recombination rates in C. elegans and
D. melanogaster is not due to improved selection but
to a mutational bias toward G and C bases in
regions of high recombination rates (GC-biased gene
conversion). If mutation bias variation patterns do
occur, they should affect all base positions within
the gene, including coding and non-coding
sequences. We surely found this positive trend
between recombination rate and G þ C content of
introns in the chickens (r ¼ 0.2467, P , 0.0001).
The mutational bias explanation seems to be the
case in G. gallus. As 11 putative optimal codons ident-
iﬁed in this study all ended in U, a negative association
between codon bias and recombination rate is
expected.
Another question that should be addressed is
whether the correlation between the codon usage
bias and recombination rate in G. gallus is a direct
consequence of the recombination process. Based
on the chicken consensus linkage map,
51 we selected
somechromosomecentromereregion(chromosome
1–13, chromosome 17, chromosome 23, chromo-
some 25, chromosome 28 and chromosome Z), and
some non-centromere regions where the estimated
recombination rate is null (chromosome 1:
96.4173–99.0780 Mbp and 102.5560–105.82
39 Mbp; chromosome 2: 24.8946–27.1233 Mbp;
chromosome 3: 62.328–65.3834 and 91.8723–
93.5081 Mbp; chromosome 4: 20.8076–22.4734
and 72.3143–75.3621 and, 76.1848–79.2
626 Mbp; chromosome 5: 31.8527–33.3023 Mbp;
33.3360–35.0246 Mbp; chromosome 6: 13.24
26–16.2627 Mbp; chromosome 7: 8.8062–
11.1527 Mbp; chromosome 8: 11.7298–12.7
581 Mbp; chromosome 19: 7.8870–8.84 82 Mbp;
chromosome 20: 7.1329–8.3848 Mbp), and
compared their G þ C content of CDSs, G þ C
content of introns with those of the top recombina-
tion regions (same number of intervals on the same
chromosome were selected). Although the recombi-
nationratesarelikely tovaryindifferentpopulations,
the above non-centromere regions have been ident-
iﬁed in that no recombination occurred in a outbreed
chicken population established from a crossbreeding
between a Xinghua line and a White Recessive Rock
line by a high-density SNP microarray (556 individ-
uals, unpublished data). We found that the G þ C
content of CDSs at the high recombination regions
(0.5164+0.0056) is signiﬁcantly higher than that
of the regions incurring no recombination
(0.4695+0.0056; P , 0.0001, t-test). The G þ C
content of introns of genes residing in the high
recombination regions (0.4489+0.0061) is also
signiﬁcantly higher than that of regions having
no recombination(0.3912+0.0044; P , 0.0001,
t-test). This implies that the correlation between
codon usage bias and recombination rates in
G.gallusisdeterminedpredominantlybyrecombina-
tion-dependent mutational patterns. However, this
does not mean that selection did not act on the
synonymous sites. It is more likely that their impact
on codon usage has been masked by variations in
mutationpressuresassociatedwiththehighrecombi-
nation rates in chickens.
4. Conclusion
In this whole genome analysis of the chicken, we
identiﬁed 11 putative optimal codons, which all
ended with U. There is a good correspondence
between tRNA abundance and optimal codons
within codon classes. Codon bias is negatively corre-
lated with G þ C content and recombination rates,
but positively correlated with gene expression,
protein length and intron length. The G þ C content
of coding sequences are the most important factors
responsible for codon bias. It appears that variation
in the G þ C content of CDSs explains over 60% of
the variation of codon bias. Our study suggests that
both mutation bias and selection contribute to the
codon bias. However, mutation bias is the driving
force of the codon usage in the G. gallus genome.
Our data also provide evidence that the negative cor-
relation between codon bias and recombination rates
in G. gallus is determined predominantly by recombi-
nation-dependent mutational patterns.
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